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ABSTRACT 
Genome size varies 64,000-fold across all eukaryotes, but the evolutionary forces 
that shape genome size are incompletely understood. Natural selection is likely acting on 
genome size, as inferred from correlations with various physiological and environmental 
factors. There is relatively little literature when it comes to studying the effects of 
artificial selection on genome sizes in domesticated crops. In this project, intraspecific 
variation was studied between wild and domesticated accessions in the genus Gossypium 
using flow cytometry. Whole genome resequencing data were also used to analyze 
repetitive elements for increased or decreased abundance. Flow cytometry results indicate 
that genome size between wild and domesticated accessions were significantly different 
in Gossypium hirsutum but not within G. barbadense or G. herbaceum. Additionally, 
repetitive content was differentially abundant in G. hirsutum, but also within G. 
herbaceum. Instances of intraspecific variation, as demonstrated here, provide insight 
into the evolutionary forces acting on genome size over short time scales.  
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CHAPTER 1.    GENERAL INTRODUCTION 
Research Objectives 
Due to a 64,000-fold variation among eukaryotes, genome size (GS) has been the 
subject of study for over sixty years (Pellicer, Hidalgo, Dodsworth, & Leitch, 2018). Initially 
it was believed that variation in GS must increase with levels of complexity; however, this 
was quickly disproven. For example, Homo sapiens have about 3500 Mb of DNA while the 
cape golden mole has about 6300 Mb, indicating that a species that is generally considered 
quite complex has almost half the DNA content of a relatively simple mole (Gregory, 2018). 
Additionally, it has been shown that an increase or decrease in GS does not necessarily 
correlate with an increase or decrease in gene number (Bennetzen et al. 2005). This 
discrepancy between complexity and genome size is known as the C-value paradox. The 
focus of GS research now, in plants, is to connect DNA content with phenotype or ecology. 
Understanding the mechanisms behind GS growth and reduction, as well as how and why 
selection acts on GS, could provide important evolutionary insight into this connection.  
Many studies have shown that polyploidy and transposable element proliferation can 
greatly increase GS. However, forces leading to increased genome size may be offset by 
mechanisms of reduction, such as illegitimate recombination, double-strand break repair, and 
unequal homologous recombination (Hawkins, Grover, et al. 2008; Pellicer et al. 2018). 
Assuming that growth and reduction mechanisms operate randomly, we would expect to see 
approximately equal numbers of large and small GS species. GS seems to be skewed to the 
right in its distribution among species, however, with the average angiosperm genome being 
only 5020 Mb even though they can grow to be as large as 150,000 Mb (Pellicer et al., 2018). 
This suggests that, while polyploidy and transposable elements can rapidly and significantly 
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increase DNA content, selection is acting against these expansion processes to maintain 
relatively small genomes. It is also known that this process can occur quite rapidly, since 
species of the same genus or accessions of the same species can have significant variation. In 
Agave, for example, species range in GS from 4000 Mb to 12000 Mb, demonstrating how 
growth and reduction can create variation in closely related lineages (Bennett & Leitch, 
1995; Pellicer et al., 2018). 
Because selection appears to be constraining GS, research has focused on relating GS 
to ecological and physiological characteristics such as seed size, leaf size, lifestyle, altitude, 
and maturation, which might have physical consequences related to GS. This hypothesis is 
further supported by the observation that larger genome sizes tend to correlate with: (1) a 
higher probability of being rare or endangered, (2) lower species richness, and (3) reduced 
geological ranges (Hawkins, Grover, et al. 2008). One interesting hypothesis is that 
environmental limitations in nitrogen (N) and phosphorous (P) could consequently limit GS 
due to the large N and P requirements of nucleotides (Guignard et al., 2017; Güsewell, 2004; 
Petrov, 2001). What is still relatively unknown is how GS responds when N and P constraints 
are lifted via the process of domestication. It is possible that by providing an abundance of N 
and P through artificial fertilization, cultivated crops could experience a shift in GS from 
smaller to larger genomes. One study in palm showed that, while cultivar GSs were still 
within the same range of those of wild plants, they were on average larger (Gunn et al., 
2015). In maize, however, domestication was also associated with an increase in altitude, 
which may explain why GS actually decreased with domestication (Díez et al., 2013). Here, 
we provide an additional perspective on how domestication influences genome size using 
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three independently domesticated cotton (Gossypium) species to evaluate trends in genome 
size change under domestication.  
This project seeks to elucidate the relationship between domestication and genome 
size variation using wild and domesticated accessions from three independently domesticated 
species of Gossypium. Genome size estimates were obtained via flow cytometry to evaluate 
differences between wild and domesticated accessions (within species). Additionally, 
repetitive element content from these accessions were analyzed to determine the contribution 
of transposable element amplification and removal on Gossypium genome size variation. The 
following questions were addressed: 
1) Does genome size vary between wild and domesticated accessions of the same 
Gossypium species?  
2) Has domestication influenced genome size in the same way for each of the three 
domestication events within the Gossypium genus?  
3) What is a potential genomic source of variation between wild and domesticated 
accessions of each species? 
 
Thesis Organization 
This thesis is organized into four chapters. Chapter Two, “A history of genome size 
variation in plants”, presents current literature discussing genome size variation found in 
angiosperms, potential sources of and mechanisms of variation, and the biological 
significance of such variation. Chapter Three, “Consequences of domestication on genome 
size and transposable element content”, summarizes the original research conducted during 
the course of this degree concerning the effects of domestication on genome size and 
transposable element content as a possible source of variation. Finally, Chapter Four gives a 
brief summary of the results from this study and their significance for future research.  
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CHAPTER 2.    PERSPECTIVES ON GENOME SIZE EVOLUTION IN PLANTS 
Introduction 
The relationship between genome size and its effects on species characteristics has 
been a topic of interest since the discovery of DNA. Originally, it was believed that a larger 
genome conferred more complexity, but we know now that while genome sizes (hereafter 
referred to as GS) are highly variable among eukaryotes, particularly within land plants, total 
DNA content does not correlate with organismal complexity. This phenomenon, originally 
coined the C value paradox, garnered much attention with respect to the causes of variability 
in GS, both with respect to the biological mechanisms and biological/environmental factors 
that contribute to genome size change or stability. Subsequent insights into the patterns and 
processes of genome size variation have led to the etymological updating of the phenomenon 
to the “C-value enigma” to both reflect the advances made and the uncertainty remaining 
(Gregory 2007). It is not yet understood how broadly GS can vary and how quickly genomes 
can grow or shrink, although it has been shown that GS can vary greatly among closely 
related lineages, such as among species from the same genus (Hawkins et al. 2006; Díez et 
al. 2013). This has prompted evaluation of (1) the scope of genome variation among closely 
related angiosperms, (2) the mechanisms responsible for genome growth and reduction, and 
(3) the evolutionary significance of such variation.  
Genome Size Variation Patterns in the Plant Kingdom 
At present over 15,000 eukaryotic GSs have been measured, and variation in size 
ranges 64,000-fold (Pellicer et al. 2018). Land plants have been evaluated for genome size 
evolution more than any other eukaryotic group, in part due to their remarkable range, which 
is currently estimated at ~2400-fold, from 61 Mb to 150000 Mb (Pellicer et al. 2018). Within 
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land plants, GS diversity patterns differ widely among the four major groups (Bryophytes, 
Pteridophytes, Gymnosperms, and Angiosperms). Gymnosperms tend to have a larger 
average GS (18 Gb) but are far more stable, ranging only 16-fold in size (Pellicer et al. 
2018). Angiosperms, on the other hand, tend to have a much smaller average GSs  (average 
~5020 Mb), but have a range that encompasses 150,000 Mb in size among the 11,000 species 
measured to date (Pellicer et al. 2018). While the biological and ecological consequences of 
genome size variation are yet unclear, GS in plants has been linked to several physiological 
and environmental characteristics potentially visible to selective forces, including seed size 
(Beaulieu et al. 2007); leaf size (Ceccarelli et al. 1993; Wakamiya et al. 1996; Chung et al. 
1998); annual lifestyles (Albach 2004; Chase 2005; Bennett 2008); drought tolerance 
(Castro-Jimenez et al. 1989; Wakamiya et al. 1993, 1996); and altitude (Knight et al. 2005; 
Díez et al. 2013; Bilinski et al. 2017). The biological implications of GS, regardless of the 
information encoded, has been referred to as the “nucleotype”, a term first coined when it 
was discovered that the presence of more nucleotides corresponded with a change in meiosis 
rate (Bennett 1971; Leitch and Bennett 2007). While some plants possess enormous 
genomes, this size appears to come at a cost, as these groups tend to be less species-rich and 
frequently are rare or endangered (Hawkins, Grover, et al. 2008).  
Mechanisms of Genome Growth and Reduction 
Comparative studies suggest that the ancestral GS of angiosperms was likely small 
(circa 1400 Mb) and that most clades originated with small GSs (Leitch et al. 2005). Modern 
angiosperms have frequently experienced GS expansion, dramatically in some lineages, 
although most clades with large GS members also have lineages that continue to maintain 
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small GSs. This suggests that conflicting forces are actively expanding and contracting 
genomes, so that even within genera there can be a wide range in sizes.  
Genome size growth 
A common source of GS increase that has historically influenced all plant lineages is 
the pervasive phenomenon of polyploidy, or whole-genome duplication (WGD), in which 
unreduced gametes are combined between two closely related species (allopolyploidy) or 
between individuals of the same species (autopolyploidy) (Wendel 2015). In a “wash, rinse, 
repeat” cycle, genomes double and subsequently experience fractionation, i.e., a combination 
of recombination, gene loss, gene transfer, neofunctionalization and subfunctionalization, 
and other processes capable of returning lineages to a diploid-like state. While fractionation 
can result in genome downsizing, the overall net effect is GS growth relative to the diploid 
progenitor species. Each cycle is potentially followed by another round of genome doubling 
(Wendel et al. 2016), leading to continued genome size growth in the absence of strong 
deletional forces. Polyploidy can also cause transposable element proliferation, perhaps due 
to changes in epigenetic control (Vicient and Casacuberta 2017). WGD events have occurred 
repeatedly in all angiosperm lineages, making it a driving force of plant evolution, 
adaptation, and genome size growth.  
Along with polyploidization, rapid proliferation of transposable elements (hereafter 
referred to as TEs) is the other most commonly cited mechanism of GS growth. TEs can be 
divided into two classes: Class 1 retrotransposons, whose copy/paste method (via an RNA 
intermediate) permits rapid exponential amplification, and  Class 2 transposons, which 
require no intermediate and experience movement through a cut-and-paste mechanism, 
limiting amplification potential (Muszewska et al. 2011; Grzebelus 2018). In the context of 
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GS increase, retrotransposons are of greater interest, as copies can be rapidly made and 
inserted into the genome, leading to genome size expansion. Retrotransposons are divided 
into elements with and without “long terminal repeats” (LTRs), i.e., LTR and non-LTR-
transposable elements, respectively, with the former achieving high abundance in plant 
genomes. LTR TEs are further characterized as belonging to one of several super-families, 
including Gypsy and copia, which differ in open-reading frame organization and insertion 
preferences; copia elements tend to insert into euchromatin while gypsy elements tend to 
prefer heterochromatin (Vicient and Casacuberta 2017).  
In angiosperms the quantity of LTRs correlates with GS (Wicker et al. 2007; 
Grzebelus 2018). Research in numerous plant species suggests that these elements are 
characterized by episodic bursts of amplification, capable of increasing genome size over 
brief evolutionary periods. In Oryza australiensis, for example, GS doubled over just three 
million years, largely due to the amplification of three LTR families that accumulated 90,000 
copies (Piegu et al. 2006). Similarly, GS in diploid cotton lineages increased three fold, 
primarily due to proliferation of the gypsy-like Gorge3 family, and even the relatively small 
genome of Arabis alpina (375 Mb) has also experienced substantial increase due to 
accumulation of gypsy transposons (Hawkins et al. 2006; Ågren and Wright 2015). In a study 
that looked at several diploid angiosperms, larger genomes tended to have retrotransposon 
families with over 10,000 copies, while small genomes had very few families that numbered 
more than 1,000 copies (Vitte and Bennetzen 2006). This provides evidence that the ability 
of retrotransposons to proliferate rapidly in bursts could be related to the amount of variation 
among GS in plants (Vitte and Bennetzen 2006). Additionally, it appears that the type of 
retrotransposon that accumulates can differ between different genomes. In Gossypium, copia 
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elements are more abundant in small genomes whereas Gypsy elements are more abundant in 
larger genomes (Hawkins et al. 2006). There are mechanisms that are activated in order to 
prevent TE proliferation, such as symmetric methylation (CG and CHG) (Ågren and Wright 
2015). In Arabis alpina, the genome comprises about 50% TEs, and interestingly, it has 
reduced methylation relative to its close relative Arabidopsis thaliana; this has been 
suggested to be related to a release of constraint on TE proliferation (Bennetzen and Wang 
2014; Ågren and Wright 2015; Willing et al. 2015). Perhaps differential abundance of TE 
content and GS is a result of inefficient TE silencing. These studies suggest that 
retrotransposon content and abundance can change very rapidly and generate variation in 
both TE composition and TE abundance, which can cause massive accumulation of genetic 
material.  
Genome size reduction 
 Historically, the idea of net GS reduction was questioned; however, the presence of 
smaller genomes, especially those embedded in clades with large genomes, indicates that 
there are also mechanisms that reduce GS (Bennetzen and Kellogg 1997). It now is clear that 
GS shrinkage can occur through deletional mechanisms, including illegitimate recombination 
and intra-strand recombination; however, these processes are in many cases difficult to 
detect, making it challenging to determine their significance and frequency (Hawkins, Hu, et 
al. 2008; Grover and Wendel 2010). One source of non-homologous sites for recombination 
is the accumulation of retrotransposons, which is ironic in that TE proliferation can create the 
template for GS reduction. The long repeats present in some retrotransposons generate 
regions of homology throughout the genome, and recombination between these non-
homologous regions of homology are capable of removing large sections of the genome, 
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essentially creating a counterbalance to growth. Aberrant recombination is not limited to TE-
generated homology, however. Originally demonstrated in tobacco, illegitimate 
recombination among regions of microhomology can also facilitate DNA removal, to a 
greater or lesser extent than non-homologous recombination (Kirik et al. 2000). In 
Arabidopsis, for example, five times more DNA was removed by illegitimate recombination 
than unequal homologous recombination (Devos 2002); however, a survey of several diploid 
angiosperms, including Arabidopsis thaliana, Oryza sativa, Zea mays, and Hordeum vulgare, 
suggests that the relative amount of DNA removed by illegitimate recombination and 
unequal homologous recombination can vary from species to species (Vitte and Bennetzen 
2006). Likewise, net reduction in GS can also vary from species to species, possibly due to 
pressure in some species to remove more of the TE load. Mangroves, for example, may have 
reduced overall TE abundance due to selection  in a stressful environment, thereby causing 
GS decrease compared to non-mangroves (Lyu et al. 2018). Large genomes may reflect a 
relative inability of these removal mechanisms to either operate or operate efficiently in the 
face of GS growth. Both appear to be true for Fritillaria, the angiosperm genus with the 
largest GS; i.e., the massive genome seems to reflect a combination of accumulating highly 
heterogeneous repeats and an inability to remove repetitive DNA (Kelly et al. 2015). While 
there is some understanding as to how DNA is being removed, and GS can clearly be 
reduced, the spectrum of responsible mechanisms and their relative importance are still 
poorly understood.  
Evolutionary and Biological Significance of Genome Size Variation 
As genome sizes are documented for more plant species, the amount of variation 
observed continues to grow. The mechanisms, while still somewhat vague, show that it is 
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possible for genomes to grow rapidly, but many genomes retain or evolve a much smaller 
size. Many studies have sought to explain the overall significance of such variation. It is clear 
that smaller genomes are preferred by selection and that there are benefits to restricting 
genome size growth, as really large genomes are quite rare (Knight et al. 2005; Suda et al. 
2015; Pellicer et al. 2018). Selection could potentially be acting on certain phenotypic 
consequences, such as time to maturity. Cell replication time, for example, scales with GS; 
thus, larger GS may cause a delay in reaching maturation (Greilhuber and Leitch 2012). 
Smaller genomes are also correlated with weediness or invasiveness in plants, life-history 
features that are correlated with generation time. This may explain why some plant groups 
have more constrained genome sizes than others (Greilhuber and Leitch 2012). While these 
consequences of GS are well-supported in some species, these are not universal observations, 
and in addition, correlation is not the same as causation. In Zea, for example, the 
environmental factors tied to genome size constraint in teosinte were not correlated in maize 
(Díez et al. 2013). Furthermore, given the range of physical and environmental factors that 
could be correlated with GS and which might be visible to selection, the disentanglement of 
individual effects is complex. Thus, no one feature universally explains the phenomenon of 
GS variation.  
GS may also be visible to selection by more indirect means. A recent proposal, i.e., 
the functional space hypothesis, suggests that GS may influence the process of adaptation 
due to the mutagenic potential of small versus large genomes (Mei et al. 2018). This 
hypothesis suggests that a larger genome size means that there are more nucleotides and, 
therefore, more potential mutations visible to selection in each generation. Second, changes 
in genome size could be a result of structural variations, such as insertions (specifically 
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insertion of transposable elements), or inversions, which are common as genomes become 
more and more unstable (Mei et al. 2018). While a majority of these mutations occur in 
intergenic regions, they could alter regulatory sequences that are not necessarily coding, but 
which are found in open regions of the genome. In other words, increases in GS could be 
increasing the mutation rate, which can influence plant adaptation. This hypothesis suggests 
that adaptation may occur differently in large genomes compared to small. As discussed 
above, the average angiosperm genome is actually quite small, so adaptation in large 
genomes may be different, but not necessarily better. Proliferation of TEs can also result in 
other forms of mutation and/or adaptation, including effects on gene expression, structural 
modification, gene movement, and even gene creation (Bennetzen and Wang 2014). In this 
way, a burst of TE proliferation may increase genome size as a by-product of a more limited 
underlying adaptive change.  
The impact of artificial selection on genomes is often a topic of interest, albeit 
typically in searching for loci and other genomic changes related to desirable phenotypic 
changes; however, few studies have examined the impact of artificial selection on GS. 
Selection under domestication may have altered genome structure, as suggested by the 
changes in palm GS associated with domestication. While the GS of domesticated palms 
were within the range of GS for the wild palm accessions, the average domesticated genome 
size was statistically larger than the average wild size (Gunn et al. 2015). As expected, the 
domesticated palms showed far less variability in GS, perhaps due to the domestication 
bottleneck or, alternatively, to selection for smaller GS. Interestingly, the larger GS 
domesticated palms had a much shorter maturity time (at two to three years), while wild 
palms take four to five years (Gunn et al. 2015). This is unusual, given that larger genome 
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sizes typically correlate with longer maturation times; however, this provides further 
evidence that the demographic characters correlated with GS are not universal across 
angiosperms. Maize domesticated accessions, on the other hand, have reduced DNA content 
compared to their wild counterparts. Whether a result of indirect selection on GS via other 
desirable phenotypes or a consequence of increased altitude, maize GSs have become smaller 
under domestication (Díez et al. 2013). In both cases, it is possible that while selecting for 
particular traits of interest, such as tolerance to a certain environment/altitude or a particular 
fruit size, domestication inadvertently drove GS to increase or decrease; however, a lack of 
evidence in this area means that it is difficult to determine the influence of human selection 
on GS.  
Another potential factor associated with domestication that could also impact GS is 
that human-controlled environmental factors could have released GS from constraints on 
nitrogen (N) and phosphorus (P) availability, since nucleotides are expensive when it comes 
to these two elements (Guignard et al. 2017). Nucleotides are 39% N and 9% P by mass, 
making these molecules in high demand during DNA and RNA synthesis, as well as for 
generation of other important molecules (e.g., phospholipids). Under natural conditions, 
therefore, N and P may be limiting factors when it comes to GS (Guignard et al. 2017). In 
aquatic plant systems, it has been suggested that the addition N and P can be influential to 
species composition within these ecosystems. In environments that are more N and P rich, 
plants are able to incorporate more nucleotides and in turn provide more N and P for 
potential consumers (Leitch et al. 2014). This has wide reaching significance because it 
provides evidence that plants can be released from constraints by the presence of N and P, 
and the effects of these increased genome sizes have influences farther up the food chain. 
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Through the use of fertilizers, fossil fuels, leguminous crops, and phosphate rock, humans 
have doubled the amount of P and N in the soil, providing more resources for plants and 
possibly permitting the acquisition of more genetic material (Bouwman et al. 2009). It is 
therefore plausible that, within these N and P rich soils and especially among domesticated 
accessions that have been growing in N/P rich soils for generations, there could be changes in 
GS as a result of being relieved from N/P constraint. Interestingly, plants can also cope with 
N constraint by using nucleotides that are less N costly (A and T instead of G and C), thereby 
saving N for other molecules. In domesticated crops, this constraint is released, and research 
suggests that domesticated plants can have about 7% more N than non-domesticates (Elser et 
al. 2011). This supports the N/P hypothesis by suggesting that as domesticated crops have 
already been released from replacing N-rich nucleotides, they may have started incorporating 
more nucleotides (in general) into their genome as well.  
 
Gossypium as a Model for Artificial Selection and Genome Size 
In this study, we used Gossypium, which is the source of the most important textile in 
the world. Four different Gossypium species have been independently domesticated, on two 
different continents. Cotton, therefore, provides a replicated experiment to examine genome 
size effects under domestication. For three of the four independent domestication events, 
multiple wild and domesticated accessions are available for study. Unfortunately no wild 
accession has ever been located for the four domestication event and therefore cannot be 
studied here. While all diploid Gossypium species have 13 chromosomes, there is still a 
threefold variation in genome size, which indicates that this genus has experienced historic 
GS growth and reduction (Wendel and Grover 2015). Recently hundreds of accessions from 
the species of interest were sequenced, so we had access to new, high quality genomes (36x 
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coverage), which will be useful in examining transposable element content or other possible 
genomic sequences as a possible cause of genome size inflation or deflation during 
domestication. Gossypium has also been evaluated using flow cytometry prior to this study, 
which provides some helpful guidance as protocols for testing genome size can be highly 
variable (Hendrix and Stewart 2005). This study focused on wild and domesticated 
accessions from G. hirsutum (allopolyploid from Americas), G. barbadense (allopolyploid 
from Americas), and G. herbaceum (diploid from Africa).  
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CHAPTER 3.    CONSEQUENCES OF DOMESTICATION ON GENOME SIZE 
Modified from a paper prepared for the Annals of Botany 
Emma R. Miller 1, Corrinne E. Grover 1, Isaac Lawrence 1, Jonathan Wendel 1 
1Iowa State University, Department of Ecology, Evolution, and Organismal 
Biology, Ames, IA 50014, US 
Abstract 
Background and Aims 
In eukaryotes, DNA content varies over 64,000-fold, but the evolutionary factors that 
shape genome size are incompletely understood. Because genome size has been correlated 
with various physiological and environmental factors, it is likely that natural selection is 
acting on genome size. The effect of artificial selection on the genome sizes of domesticated 
crops is understudied.  
Methods 
Genome sizes for wild and domesticated accessions of three different cotton 
(Gossypium) species were measured using flow cytometry. Using whole genome 
resequencing data, repeat clustering was performed for these accessions to detect changes in 
abundance of transposable element and other families as possible sources of variation in 
genome size growth or reduction.  
Key Results 
Genome sizes were significantly higher in cultivated than in wild accessions of G. 
hirsutum. In the other two domesticated species, G. barbadense and G. herbaceum, no 
significant differences were observed. Transposable element content between wild and 
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domesticated accessions was statistically different in G. hirsutum and G. herbaceum, where 
85 of 321 and 51 of 268 informative repeat clusters showed differential abundance between 
the two. A majority of these clusters belong to the gypsy super-family, which were more 
abundant in domesticated accessions for both G. hirsutum and G. herbaceum.  
Conclusions 
Both genome size and gypsy repetitive content were higher in domesticated 
accessions of G. hirsutum compared to wild relatives, but only repetitive DNA content was 
significantly different in G. herbaceum where total GS was significantly different only under 
some statistical tests. This observation of DNA content increase following only several 
thousand years of human influence offers unique insight into the evolutionary forces that 
might help shape genome size.  
Introduction 
One of the fundamental observations about eukaryotic genomes is that there is a 
staggering amount of variation in genome size, which ranges 64,000-fold among 15,000 
eukaryotic species in which it has been measured (Pellicer et al. 2018). Among land plants, 
genome size varies 2,400-fold, ranging from 61 Mb to 150,000 Mb, with an average of about 
5,020 Mb (Pellicer et al. 2018). While angiosperms have massive genomes (e.g., Paris 
japonica, Frittilaria spp., with genomes in excess of 100 Gb;(Pellicer et al. 2010)), the mean 
and median angiosperm genomes are much smaller, averaging 5700 and 2500 Mb, 
respectively (Suda et al. 2015). Thus, the majority of angiosperms have relatively small 
genomes. In an attempt to explain GS variation within and among genera and species 
(Biémont 2008; Smarda and Bures 2010), correlative studies have been conducted with 
various anatomical, physiological, morphological, and life-history traits, including seed size 
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(Beaulieu et al. 2007); leaf size (Ceccarelli et al. 1993; Wakamiya et al. 1996; Chung et al. 
1998); annual lifestyle (Albach 2004; Chase 2005; Bennett 2008); drought tolerance (Castro-
Jimenez et al. 1989; Wakamiya et al. 1993, 1996); and altitude (Knight et al. 2005; Díez et 
al. 2013; Bilinski et al. 2017).  These correlations with biological characteristics have been 
referred to as “nucleotypic effects”, meaning that DNA content itself can potentially 
influence traits irrespective of the DNA information content (Bennett 1971; Leitch and 
Bennett 2007). These correlations, however, do not uniformly explain variation seen among 
species. For example, in Zea, environmental traits correlated with GS in teosinte do not show 
correlations with GS in maize (Díez et al. 2013). Because the evolutionary forces that shape 
GS are not yet well understood, present efforts are often directed at exploring the genomic 
mechanisms that account for GS variation as well as the possibly responsible external 
selective and neutral forces.  
Current estimates suggest that the ancestral angiosperm GS was relatively small 
(circa 1400 Mb) (Leitch et al. 2005). Because angiosperm genome sizes range from 61 Mb 
to 150,000 Mb, it is clear that both growth and reduction mechanisms have acted over 
evolutionary history, and in some cases, quite rapidly. The primary sources of genome 
expansion are polyploidy (whole genome duplication, WGD) and transposable element (TE) 
proliferation. With respect the former, it now is clear that all plant lineages have undergone 
repeated WGD events in their evolutionary history (Wendel 2015; Soltis et al. 2016), so this 
observation alone suggests that WGD events may be potent drivers of genome size 
expansion. With respect to the latter, abundant and prolific TEs known as LTR 
retrotransposons can give rise to massive genomes without the presence of polyploidy 
(Wendel et al. 2016). Lineage-specific amplification of these elements, such as the super-
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families Gypsy and copia, can result in some species having genome sizes that are several 
times larger than those of other species, even within the same genus (Wendel et al. 2016; 
Grzebelus 2018). In the case of Oryza australiensis, TE proliferation was responsible for the 
genome doubling in size over just three million years, compared to O. sativa (Piegu et al. 
2006). Likewise, proliferation of a Gypsy element led to three-fold variation in GS among 
Gossypium diploids (Hawkins et al. 2006). It has also been shown that larger genomes tend 
to have several TE families with 10,000 or more copies, while smaller genomes have few (if 
any) families that had more than 1,000 copies (Vitte and Bennetzen 2006). This suggests that 
in large genomes, TE proliferation either is, or recently has, not been as constrained as it is or 
has been in smaller genomes.  
The existence of small genomes embedded in clades throughout the angiosperm 
phylogeny suggests that net GS contraction also occurs in many lineages (Hawkins et al. 
2006; Greilhuber et al. 2006; Grover and Wendel 2010). Genome reduction may occur via 
several different deletional processes, including illegitimate recombination (IR), unequal 
crossing over, double-stranded break repair, or unequal intra-strand recombination (UR). 
Rates of removal can vary across species causing some species genomes to be larger or 
smaller than species within the same genus. In mangroves and non-mangrove species of the 
same genus, a stressful environment may have selected for significantly decreased TE load in 
mangrove species independently three times (Lyu et al. 2018). Additionally, the genus with 
the largest GS in angiosperms (Fritillaria) has gained many different types highly repetitive 
DNA, while also apparently lacking  DNA removal (Kelly et al. 2015). It appears that DNA 
removal operates differently across species as well as differently across various regions of 
the genome. Studies in rice imply that UR is most effective in genetic regions where 
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recombination is frequent, while IR is most active in regions where recombination events are 
more rare (Tian et al. 2009; Grover and Wendel 2010). It also seems that UR is more 
efficient and can remove DNA more quickly than can IR events, so overall DNA removal 
and maintenance of GS may depend on recombination rates across the genome (Grover and 
Wendel 2010). Evidence of unequal removal rates comes from a survey of several 
angiosperm diploids which found that the amount of DNA removed by UR or IR varied 
among species (Vitte and Bennetzen 2006). It is still unclear how these reduction 
mechanisms are able to maintain small genome sizes in the presence of proliferating 
transposable elements and whole genome duplication, but the abundance of small genomes 
even in lineages that have experienced multiple polyploidization events suggests that genome 
growth is being counterbalanced by selection favoring smaller genomes.  
In this study we use Gossypium, an economically important textile source (Wendel 
and Grover 2015). Four different Gossypium species have been independently domesticated, 
on two different continents. Cotton thus provides a replicated experiment to examine GS 
effects under the process of domestication. For three of the four domestication events, 
multiple wild and domesticated accessions are available for study. While all diploid 
Gossypium species have 13 chromosomes, there is still a threefold variation in GS, which 
indicates that this genus has experienced historic GS growth and reduction (Wendel and 
Grover 2015). Recently hundreds of accessions from species of interest were sequenced, so 
new, high quality genomes (36x coverage) were available, which are useful for examining 
TE content or other potential sources of genome size growth or reduction during 
domestication. Also, Gossypium has previously been evaluated using flow cytometry, 
providing guidance in experimental design (Hendrix and Stewart 2005).  
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In this paper we seek to elucidate the relationship between domestication and GS 
variation using wild and domesticated accessions from three independently domesticated 
species of Gossypium: G. hirsutum, G. barbadense, and G. herbaceum. Of these species, G. 
hirsutum and G. barbadense are allopolyploids found in the New World, while G. herbaceum 
is a diploid from SE Africa.  
Gossypium hirsutum and G. barbadense have indigenous ranges that overlap, 
however G. hirsutum’s range goes as far north as Florida and includes Central America and 
the Caribbean while G. barbadense is centered in South America (Wendel and Grover 2015). 
Breeding in G. hirsutum has focused on generating higher yields while G. barbadense has 
been selected to produce fibers that are longer, stronger, and very fine (Jiang et al. 1998).  
Little is known about initial domestication of G. hirsutum, such as which regions (Caribbean, 
Mexico, and Central America) contributed to the early cultivated germplasm; however, it is 
believed that cultivated cotton is the result of many introductions of different sources 
(Wendel et al. 1992). Gossypium barbadense was potentially domesticated west of the Andes 
including Colombia, Ecuador, Peru, and Bolivia (Percy and Wendel 1990). Archaeological 
evidence of G. barbadense use dates back to 6-7000 years ago in the western arid regions 
near the Equador-Peruvian border (Splitstoser et al. 2016). 
Unlike the polyploids, G. herbaceum produces lower yields and is not as important 
commercially. It is still grown in regions of Iran and South Asia because it requires no 
fertilizer and can tolerate the arid, salty conditions (Brite and Marston 2013). Less is known 
about the domestication of G. herbaceum since there are no known archaeological remains; 
however G. arboreum (a sister species which has also been domesticated) has been found in 
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archaelogical sites in the tropics and subtropics dating back to 3000 BC (Brite and Marston 
2013).  
Genome size estimates were obtained via flow cytometry to evaluate differences 
between wild and domesticated accessions within each species. Additionally, repetitive 
element content from these accessions were analyzed to determine the contribution of 
transposable element amplification and removal on Gossypium genome size variation. The 
following questions were addressed: 
1) Does genome size vary between wild and domesticated accessions of the same 
Gossypium species?  
2) Has domestication influenced genome size in the same way for each of the three 
domestication events within the Gossypium genus?  
3) What is a potential genomic source of variation between wild and domesticated 
accessions of each species? 
  
Materials and Methods 
Plant Material 
For each independently domesticated Gossypium species, accessions were selected 
from an ongoing resequencing project (Udall and colleagues, unpubl; Table 1). Accessions 
from G. hirsutum were partitioned into three groups (wild, domesticated, and landrace [an 
intermediate between true wild and modern cultivars]), whereas accessions from G. 
herbaceum and G. barbadense were divided into only two groups each, wild vs 
domesticated, due to the smaller sample sizes. These groups were validated by estimating 
phylogenetic trees and analyzing the structure of genomic composition (in the program 
STRUCTURE (Pritchard et al. 2000)) using resequencing SNP data (Udall et al., unpubl.). 
Samples were also chosen to represent the largest amount of geographic diversity possible. In 
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total, 41, 28, and 12 accessions were selected from G. hirsutum, G. barbadense, and G. 
herbaceum, respectively. For flow cytometry, seeds were used for all accessions except for 
one wild herbaceum (Nisa Karimi); for this accession, 0.05 mg of young leaf tissue was used 
due to the lack of seed. For an internal standard for flow cytometry, we used Oryza sativa L. 
nipponbare. Oryza sativa was chosen as it has been used in past Gossypium experiments 
(Hendrix and Stewart 2005). Rice seeds were germinated in a 2,000 ppm gibberellic acid 
solution. 
Table 1. Accession names for samples included in project along with their classification and 
domesticate, wild, or landrace (G. hirsutum only). Additionally, SRA codes are included for 
the sequences used.  
Gossypium hirsutum 
Polyploid Acala Maxxa Domesticated SRX204794  
Coker_315 Domesticated SRA pending  
Deltapine_90 Domesticated SRA pending  
FiberMax966 Domesticated SRA pending  
Hopi Domesticated SRX3411917  
TM_1 Domesticated SRX667500  
TX_0006 Landrace SRX3411906  
TX_0012 Landrace SRX3411811  
TX_0044 Landrace SRX3412024  
TX_0109 Landrace SRX3412023  
TX_0180 Domesticated SRX3412088  
TX_0279 Landrace SRX3412021  
TX_0303 Landrace SRX3412020  
TX_0480 Landrace SRX3412019  
TX_0481 Landrace SRX3412018  
TX_0663 Landrace SRX3412015  
TX_0665 Landrace SRX3412150  
TX_0704 Landrace SRX3412151  
TX_0786 Landrace SRX3412152  
TX_0959 Landrace SRX3411842  
TX_0967 Wild SRX3411841  
TX_1009 Landrace SRX3411843  
TX_1037 Wild SRX3411860 
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Table 1 continued 
Gossypium hirsutum  
TX_1046 Landrace SRX3411846  
TX_1055 Landrace SRX3411845  
TX_1102 Landrace SRX3411766  
TX_1110 Landrace SRX3411932  
TX_1113 Landrace SRX3411933  
TX_1115 Landrace SRX3411934  
TX_1120 Landrace SRX3411927  
TX_1182 Landrace SRX3411928  
TX_1183 Landrace SRX3411929  
TX_1228 Landrace SRX3411939  
TX_1292 Landrace SRX3412058  
TX_1311 Domesticated SRX3412057  
TX_1439 Landrace SRX3412064  
TX_1929 Landrace SRX3411810  
TX_1996 Wild SRX3412068  
TX_2094 Wild SRX996761  
TX_2277 Landrace SRX3411972  
TX_2288 Landrace SRX3411774 
Gossypium barbadense 
Polyploid GB_0052 Wild SRX3433801  
GB_0085 Wild SRX3433828  
GB_0093 Wild SRX3433825  
GB_0102 Wild SRX3433822  
GB_0167 Wild SRX3433851  
GB_0211 Domesticated SRX3433845  
GB_0220 Domesticated SRX3433773  
GB_0249 Domesticated SRX3433690  
GB_0258 Domesticated SRX3433693  
GB_0278 Wild SRX3433711  
GB_0281 Wild SRX3433718  
GB_0348 Wild SRX3433746  
GB_0426 Wild SRX3433710  
GB_0434 Wild SRX3433755  
GB_0440 Wild SRX3433756  
GB_0517 Wild SRX3433757  
GB_0524 Wild SRX3433758  
GB_0533 Wild SRX3433761 
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Genome Size by Flow Cytometry 
Gossypium seeds were soaked overnight to soften seed coats, which were removed 
before chopping (Pellicer and Leitch 2014).  Samples were co-chopped at Iowa State’s Flow 
Cytometry Facility with 0.06 - 0.07 grams of an internal standard (Oryza sativa L. Japonica 
nipponbare seedling) which has a known genome size of 444.9 Mb (Miyabayashi et al. 
2007). Cold LB01 chopping buffer was used to reduce the likelihood that metabolic 
compounds would interfere with measurement (Pellicer and Leitch 2014). Samples were 
Table 1 continued 
Gossypium barbadense  
GB_0571 Wild SRX3433837  
GB_0593 Wild SRX3433836  
GB_0594 Wild SRX3433843  
GB_0648 Wild SRX3433818  
GB_0655 Wild SRX3433821  
GB_0739 Domesticated SRX3433813  
GB_1027 Domesticated SRX3433796  
GB_1063 Wild 
 
SRX3433798  
PS_7 Domesticated SRX3433729  
GPS_52 Wild SRX3433684 
Gossypium herbaceum 
Diploid A1_012 Domesticated SRA pending  
A1_019 Domesticated SRA pending  
A1_028 Domesticated SRA pending  
A1_029 Domesticated SRA pending  
A1_030 Domesticated SRA pending  
A1_073 Wild SRA pending  
A1_079 Wild SRA pending  
A1_088 Domesticated SRA pending  
A1_113 Domesticated SRA pending  
A1_125 Domesticated SRA pending  
A1_JMS Wild SRA pending  
A1_Nisa Karimi Wild SRA pending 
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filtered using 50 um mesh, centrifuged at 800 g for seven minutes, and then stained with 150 
ul of propidium iodide.  
Four replicates of each accession were run per day on two separate days, for a total of 
eight replicates per accession. As some accessions showed a greater amount of variation than 
initially anticipated, extra replicates were added to samples where the coefficient of variation 
was higher than 3% (Pellicer and Leitch 2014). For each replicate, about 2,000 Gossypium 
nuclei were sampled. Genome sizes were calculated based on average fluorescence for 
hundreds of nuclei from both the sample and the standard (Pellicer and Leitch 2014).  
Statistical analysis was done in R (R Core Team 2017). Variance among groups in G. 
hirsutum and G. herbaceum was not equal although it was in G. barbadense. All three 
species had distributions with a long tail, and QQ plots indicated that the data was skewed 
and therefore not normal. Data for all three species was first log transformed, and then 
underwent a Kruskal-Wallis test to determine if there was a difference between group 
medians. Data were also run through a random effects model including batch and accession 
as random errors, with and without the large tail by removing the highest 5% of genome size 
samples. Results from both tests are presented here.  
 
Repeat Content 
Accessions chosen for genome size analysis were recently resequenced as part of a 
larger ongoing project (Udall, Wendel and Ramiraj, unpubl.). Analysis of repeat elements 
followed the methods of Grover et al. (Novak et al. 2013; Grover et al. 2017), and are 
summarized as follows: forward reads from each sample were quality trimmed using 
Trimmomatic (Bolger et al. 2014). We then randomly subsampled a 1% equivalent of each 
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accession’s measured genome size and used RepeatExplorer (Novak et al. 2013) to cluster 
repetitive elements. The largest clusters (those consisting of at least 0.01% of the total input 
sequences) were annotated using RepeatMasker (Smit et al. 2015). This clustering process 
was conducted independently for each species. 
We calculated the amount of DNA (in Mb) for each repetitive cluster based on the 
1% subsampled representation and read length (95 nt) and normalized each cluster by that the 
genome size for that accession (as measured by flow cytometry). Relative abundance of each 
repetitive class was then compared across groups (wild, landrace [G. hirsutum only], and 
domesticated), and differential abundance between groups was calculated for each cluster 
using generalized linear model pair-wise testing with a Benjamini-Hochberg correction for 
multiple testing.  
Results 
Genome Size  
Violin plots of G. hirsutum, G. barbadense, and G. herbaceum display the variation 
in and differences among groups (Fig 1). Abnormal variance and distribution among groups 
required data to be log-transformed for further analysis. In G. hirsutum, where there were 
three groups (wild, landrace, domesticated), we used Dunn’s test with a Bonferroni 
correction to determine groups that were significantly different. Wild and landrace medians 
were both statistically different than that of domesticates, but were not different from each 
other, according to the Dunn Test (see Table 2). Likewise, G. herbaceum domesticated and 
wild accessions were also statistically different (Kruskal-Wallis, chi-squared = 16.918, p-
value= 3.902e-05). In both of these species, domesticated accessions had larger median GSs 
than wild/landrace accessions. GS in G. barbadense was also statistically different between 
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domesticated and wild species, but in this case the domesticated GS median was smaller than 
wild (Kruskal-Wallis, chi-squared, 16.887, p-value = 3.986e-05) 
.  
 
Figure 1. Violin plot of genome size by variety. X-axis shows genome size in Mb and y-axis 
shows groups. Horizontal lines represent 0.25, 0.5, and 0.75 quantiles.  
 
 
 
 
 
28 
 
Table 2. Dunn Test pairwise comparisons of G. hirsutum variety groups. 
 Approximate z.test P-value 
Domesticated v Landrace 7.411291 < 0.0001 
Domesticated v Wild 4.936992 < 0.0001 
Landrace v Wild -0.035027 1.0000 
 
Random effects models of G. hirsutum before and after tail removal were both 
significant, suggesting that genome sizes for domesticated accessions from this species are 
different from both wild and landrace accessions (Table 3). Wild and landrace accessions 
were not different from each other using either the Kruskal-Wallis or the random effects 
model. Estimated difference based on boxplots and a random effects model of the un-
transformed data suggests that the means may be about 100 Mb different between 
domesticated/wild and domesticated/landrace. Models of G. barbadense and G. herbaceum 
were no longer statistically different in these models (Random effects model, G. barbadense 
tail/no-tail: t – value = -1.37/-0.3, p-value = 0.2/0.8, G. herbaceum tail/no-tail: t-value = 
1.62/1.77, p-value = 0.1/0.1).  
Table 3. Random effects model for G. hirsutum. Top three rows are comparisons with tail, 
bottom three rows are comparisons with tail removed.  
Tail t-value p-value 
Domesticated vs Landrace  4.14 2e-04 
Domesticated vs Wild 2.71 0.01 
Landrace vs Wild -0.03 0.98 
No Tail 
  
Domesticated vs Landrace 3.63 7e-04 
Domesticated vs Wild 2.45 0.02 
Landrace vs Wild -0.13 0.90 
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Changes in repetitive content with domestication  
For G. hirsutum, 594,091 clusters were generated, but a majority of these were too 
small, having less than 0.01% of total reads. The remaining 321 clusters were annotated and 
considered informative. Gossypium barbadense had 370,591 clusters before uninformative 
clusters were removed, but only 316 were annotated. Finally, G. herbaceum generated 
62,606 clusters of which 268 were informative. For all three species, these the break points 
between informative and non-informative clusters (greater than 0.01% of total reads) were 
confirmed in R. Clusters were sequentially added and plotted against the percent reads 
represented. The cutoff indicates the clusters that contain the most reads and therefore are 
most informative (Supplementary Figure 1)  
Table 4 ProcD.lm p-values of G. hirsutum repetitive content compared across wild, 
landrace, and domesticated accessions 
 Domesticated Landrace Wild 
Domesticated 1.000 0.001 0.019 
Landrace 0.001 1.000 0.130 
Wild 0.019 0.130 1.000 
 
Overall, repetitive DNA content was significantly different among G. hirsutum (Table 
4) and G. herbaceum groups (ProcD.lm, p-value = 0.0105). Gossypium barbadense did not 
have significant differences in repetitive DNA content between wild and domesticated 
accession groups (ProcD.lm, p-value = 0.468). Of the 321 informative clusters in G. 
hirsutum, 85 were differentially abundant among the wild, landrace, and domesticated 
accessions (Table 5). Sixty-six of these clusters were more abundant in domesticated 
accessions than in wild or landrace accessions. Wild accessions were overabundant in 9 
clusters, and landraces were overabundant in 10 clusters. Fifty-nine of the differentially 
abundant clusters were from the Gypsy lineage (Table 5). A principle component analysis 
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(PCA) of G. hirsutum, where the x- axis represents almost 20% of variation, shows that 
several domesticated accessions do not group with wild and landrace samples (Figure 2). The 
three domesticated accessions that group with landrace and wild accessions have the 
following average genome sizes: Hopi - 2653 MB, TX_0180 - 2482, and TX_1311 - 2358 
MB. This suggests that while these accessions are grouping with landrace/wild, they do not 
necessarily have similar genome sizes since the average landrace/wild GS is about 2360 MB.  
Table 5 Number of differentially abundant clusters in G. hirsutum for each repetitive family 
by group. Shown are the number of clusters in each accession group where the repetitive 
family was overabundant relative to the other groups 
 
Domesticated Landrace Wild Total 
Unclassified 0 3 0 3 
LTR 7 1 1 9 
LTR/Copia 12 1 0 13 
LTR/Gypsy 46 5 8 59 
Unspecified 1 0 0 1 
Total 
Clusters 
66 10 9 85 
For G. herbaceum, 51 clusters were differentially abundant. Twenty-eight of these 
clusters were gypsy elements (Table 6). Forty-seven of these clusters were over-abundant in 
domesticated accessions compared to wild. Wild accessions were more highly represented 
for 4 gypsy clusters, while domesticated were over-abundant for the other 24. A PCA of G. 
herbaceum clusters indicates that wild and domesticated accessions were separated by 33.6% 
in principle component 1, although the domesticated accessions do not cluster together 
(Figure 3).  
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Table 6 Number of differentially abundant clusters in G. herbaceum for each repetitive 
family by group. Shown are the number of clusters in each accession group where the 
repetitive family was overabundant relative to other groups.  
LTR Family Domesticated Wild 
Unclassified 5 0 
DNA 1 0 
DNA/MULE-
MuDR 
0 0 
LTR 11 0 
LTR/Copia 5 0 
LTR/Gypsy 24 4 
Other/Simple 0 0 
rRNA 1 0 
Unspecified 0 0 
Total Clusters 47 4 
Table 7 Aggregate amount of TE category per group (in kb) in G. hirsutum 
Lineage Wild Domesticated Landrace 
Unclassified 38,620 41,175 40,523 
Copia 1,508 1,657 1,638 
DNA 660 834 721 
DNA/MULE-MuDR 13,084 12,455 12,961 
LTR 78,223 83,390 75,642 
LTR/Copia 73,506 79,643 79,583 
LTR/Gypsy 1,232,991 1,244,020 1,215,882 
Unspecified 6,674 7,009 6,387 
Table 8 Amount of excess DNA content (in Kb) for domesticated, landrace, and wild 
accessions.  
Group with Cluster Excess Dom. vs. Landrace Dom. Vs. Wild Landrace vs. Wild 
Domesticated          38,604     30,375   --  
Landrace        15,618  --             8,129  
Wild  --     4,872          5,260 
 
Overall, 1233, 1244, and 1216 Mb of the genomes of the wild, domesticated, and 
landrace genomes are made up of Gypsy elements, making these the most abundant TE type 
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in the Gossypium genomes studied (Table 6).  Domesticated accessions had an excess of 38.6 
Mb of repetitive content compared to landrace and 30.3 Mb compared to wild (Table 7).  
Average aggregate amounts of each category indicate that domesticated accessions have a net 
excess of 18 Mb of repetitive element content when considering landrace and wild accessions 
also saw an excess of 15.6 Mb and 4.8 Mb respectively (Table 7). Note that while flow 
cytometry detected 100 Mb of difference, this repetitive analysis only discovered a net gain 
of 18 Mb. Additionally, there is an excess of 3 Mb in landrace compared to wild suggesting 
that there was modest GS expansion accompanying the earlier stages of domestication that 
could have been elaborated by directional selection during more recent cultivar development. 
Table 9 Aggregate amount of TE category per group (in kb) in G. herbaceum 
Lineage Wild Domesticated 
Unclassified 37105.55 46349.27 
DNA 797.4734 1431.121 
DNA/MULE-
MuDR 
1334.046 1232.771 
LTR 39776.17 57100.8 
LTR/Copia 28697.95 35970.42 
LTR/Gypsy 855490.2 899203.9 
Other/Simple 204.1497 213.0528 
rRNA 2052.362 3900.433 
Unspecified 5257.706 5231.511 
 
Gypsy elements made up 855 Mb in wild accessions and 899 Mb in domesticated 
accessions of G. herbaceum (Table 9, Figure 5). Overall, domesticated accessions had a 65 
Mb increase of repetitive DNA content. This is surprising because only 18 Mb of increased 
repetitive content was found in domesticated G. hirsutum accessions. Additionally, 
RepeatExplorer detected 65 Mb of difference between domesticated and wild accessions, 
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while flow cytometry detected about 50 Mb (although this was not statistically relevant 
across all tests).  
 
 
Figure 2. PCA of repetitive clusters in G. hirsutum accessions. Whereas domesticated 
accessions do not group together, they are largely distinguished along the first axis, which 
accounts for nearly 20% of the variance. 
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Figure 3. PCA of repetitive clusters in G. herbaceum accessions. Whereas domesticated 
accessions do not group together, they are largely distinguished along the first axis, which 
accounts for nearly 34% of the variance 
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Figure 4. Average aggregate amounts of each repetitive family for wild, landrace, and domesticated accessions of G. hirsutum 
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Figure 5. Average aggregate amounts of each repetitive family for wild, landrace, and domesticated accessions of /G. herbaceum
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Discussion 
In this study, we hoped to accomplish three things: (1) identify presence of genome 
size variation within species of Gossypium, (2) determine whether domestication status is 
related to GS, and if so is it similar in direction and magnitude in each species, and (3) 
uncover the source of GS variation if any was detected.  
Our results show that GS variation among wild and domesticated accessions does 
exist in one of the three Gossypium species studied, and that the average GS in domesticated 
G. hirsutum was over 100 Mb larger than that in wild accessions of the same species. Similar 
results were found in palm, where intraspecific variation was found between domesticated 
and wild accessions; in this case, however, the difference was 50 Mb (Gunn et al. 2015). 
Similarly, results in maize show domestication correlating with a decrease in DNA content, 
as domesticated maize has smaller genomes than wild relatives (Díez et al. 2013). Thus, in 
each of these three species, there is evidence of domestication correlating with genome size, 
but this was not the case under all statistical tests for the other two species of cotton studied 
here (G. barbadense and G. herbaceum). In G. herbaceum, however, domesticated 
accessions did show a GS increase relative to wild ones using the Kruskal-Wallis test, but not 
once we applied a random effects model. It is unclear whether additional sampling in these 
two species and in other domesticated plants will lead to generalizations regarding genome 
size and plant domestication (Elser et al. 2011). 
Intraspecific variation is becoming increasingly well-documented in other species as 
methods to detect GS become more precise. Examples of such variation outside of our study 
include Silene latifolia, Hordeum spontaneum, and Festuca pallens (Smarda and Bures 
2010). Genome sizes of H. spontaneum and F. pallens may have undergone selection under 
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different environmental conditions such as temperature, precipitation, and altitude (Smarda 
and Bures 2010). In Rannunculus parnassifolius, intraspecific variation of the diploid 
cytotype has been discussed in relationship to environmental parameters (temperature or 
precipitation) and from introgression (Cires et al. 2010). Cases of intraspecific variation have 
also been documented within domesticated species. For example, GS seems to be correlated 
with changes in altitude as well as with domestication in maize (Díez et al. 2013; Bilinski et 
al. 2017). One classic case of intraspecific variation in genome size is that of flax, where 
significant variation has been shown to arise within a single generation of the same species 
(Cullis 1979). Presence or absence of N and P can result in an increase or decrease of GS 
within a single generation in the Stormont cirrus flax cultivar (Bickel et al. 2012). These 
examples of intraspecific variation demonstrate the lability of GS in brief evolutionary 
periods, and also provide models to study forces that act on such variation.  
Regarding our second question, we found that domestication did not influence GS in 
the same way in each of the three domesticated species. Genome sizes in wild versus 
domesticated accessions within G. barbadense and G. herbaceum were significantly different 
using the Kruskall-Wallis test, but were not once we accounted for other sources of 
experimental variation, such as sampling batch. It may be that with additional sampling the 
trends shown here would turn out to be significant, so this merits further study. If, however, 
additional analysis bears out the tendencies suggested in our preliminary data, then genome 
sizes under cultivation in G. barbadense would, in contrast to those of G. hirsutum, have 
become smaller, while those in G. herbaceum would have experienced growth. Therefore, at 
least in this system, domestication is not correlated with genome size change in the same way 
in this replicated experiment involving three congeneric species. As noted above, it is 
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possible that our limited sampling gave us too little power to detect significant genome size 
differences in G. barbadense and particularly in G. herbaceum. Similarly, studies in other 
species show variable correlations between domestication status and GS; in palm GS 
potentially increased under domestication while in maize it may have decreased (Díez et al. 
2013; Gunn et al. 2015). Together with our results, these data indicate that the relationship 
between GS and domestication is variable among species.  Given the different wild 
environments of Gossypium species used here and their different domestication histories, it is 
not surprising that different patterns of GS growth and reduction were observed. It is possible 
that domestication has not played a role in GS change, but that other biological features not 
studied were more causative.  
Given an evolutionarily rapid response in GS under domestication, as we report here 
for G. hirsutum, it becomes of interest to determine its genomic basis. In this respect we used 
genomic resequencing data and repeat analysis to determine the source of the expanded 
genome in the modern cultivar group of G. hirsutum, although we also examined repetitive 
content of G. barbadense and G. herbaceum. Only G. barbadense did not have differential 
clusters between wild and domesticated accessions. Eighty-five repeat clusters were 
identified as differentially abundant in G. hirsutum and 51 in G. herbaceum, and a majority 
of these were annotated as Gypsy retrotransposable elements. However, G. hirsutum only 
saw a net increase of about 18 Mb which suggests that our clustering analysis did not capture 
part of the expansion we saw in flow cytometry data. In contrast, G. herbaceum saw an 
increase of 65 Mb which is interesting given flow cytometry data were only significant under 
certain tests. We also found that gypsy elements made up 1233, 1244, and 1216 Mb for wild, 
domesticated, and landrace accessions overall with G. hirsutum. Gypsy clusters represented 
40 
855 Mb and 899 Mb of overall content in G. herbaceum. Previous estimations of gypsy 
elements are quite a bit smaller in G. hirsutum at 524 Mb (T Zhang et al. 2015). Gypsy 
content in G. herbaceum was previously estimated at 865 Mb which falls between our wild 
and domesticated estimates. (Hawkins et al. 2006). Differential abundance in TEs as a source 
of genome expansion has been reported previously, specifically in Zea where Class 1 and 2 
TE families make up almost 70% of the genome size difference between Zea mays ssp. mays 
and Zea luxurians (Tenaillon et al. 2011). Intraspecific variation in Zea mays was also 
correlated with TE content, where abundance in repeats such as knobs contribute to GS 
variation (Bilinski et al. 2017). The other Gossypium species explored in this study was not 
significantly different in their repetitive profile, which is not surprising given the absence of 
among-group difference in GS. As noted above, sampling was more limited in G. 
barbadense, so broader surveys would be needed to evaluate the generality of our 
conclusions here.  
Increase or decrease in GS in Gossypium could be the result of several evolutionary 
processes. First, changes in GS could be a result of drift. Because most insertions are neutral 
or slightly deleterious and because Gossypium has a low effective population size, selection 
may not act on changes in GS (Grover and Wendel 2010). This may allow GS to grow and 
shrink in the absence of selection on any particular trait. Second, domestication can result in 
a bottleneck, which has the potential to reduce GS in the absence of selection. This has been 
suggested as a possible hypothesis for GS reduction in maize and growth in palm (Díez et al. 
2013; Gunn et al. 2015). While the wild and landrace accessions in our study have a large 
range, which overlaps with much of the domesticated range, domesticated accessions do not 
have reduced variation in GS, as one might expect from a bottleneck. An additional way 
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humans could have unintentionally selected for changes in GS size is by practicing strong 
directional selection on a phenotype that unknowingly resulted from one or more 
advantageous TE insertions following a TE proliferation. For example, Hopscotch is a TE 
that inserted into a regulatory region of tb1 of maize creating a less-branched phenotype 
(Studer et al. 2011). By selecting for reduced branching, humans may have unintentionally 
fixed other TEs that arose at the same time, potentially leading to an increase in GS.  
Finally, increased DNA content could be the evolutionary consequence of the 
increased levels of N and P that are found in agricultural conditions, allowing GS to be 
released from constraints imposed by nutrient limitation. During and following 
domestication, plants likely will have experienced artificially elevated N and P levels for 
generations. As noted above, some studies have shown that under higher N and P conditions, 
plants can afford to produce more nucleotides which can permit the increase of genomic 
material (Leitch et al. 2014; Guignard et al. 2017). It has also been shown that domestication 
may have reversed a process known as monomer usage bias, a process in which plants 
substitute N expensive nucleotides with N efficient ones like A and T (Elser et al. 2011). 
Additional evidence supporting this hypothesis comes from a recent study in some flax 
genotypes, where extra N and P results in GS increase within a single generation, while 
absence of N and P results in GS reduction (Bickel et al. 2012). It is thus possible that the 
increase of GS in domesticated G. hirsutum could have been a result from release from 
constraint of N and P limitation under domestication.  
It is of interest that not all modern cultivars were identical either in their genome sizes 
nor their repetitive DNA profiles (Figure 2). Indeed, cultivars are rather widely dispersed in 
the PCA (Fig. 2 and Fig. 3), suggesting that genome expansion may be an ongoing and 
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variable process in different parts of the modern G. hirsutum and G. herbaceum gene pools. 
Thus, it would be useful to extend the present analysis to cover a broader range of samples. 
In addition, future analyses might focus on the genomic details of GS expansion in the 
domesticated accessions that appear to be the most divergent from wild and landrace 
accessions in the PCA (Figure 2: Acala, Coker, and Deltapine). These three accessions 
represent three of the four major cultivar groupings in the modern cultivated gene pool in the 
US. As shown in Figure 2, these three are most separated from other accessions on PCA1, 
which accounts for 19.8% of the total variance. Cultivated accessions of G. herbaceum also 
did not group together but were distantly separated from wild accessions on PC1 which 
accounts for 33.6% of variance.  Comparing the details of these (and similar, from future 
work) accessions to others might be with respect to the 85 differential clusters in G. hirsutum 
and 55 clusters in G. herbaceum and the timing of their expansion, using divergence amounts 
as a proxy for time. This dating process might confirm that the differentially increased 
clusters are newer than clusters that are not differentially abundant. Also of interest is the 
genomic distribution of the differentially abundant clusters, as this speaks to the underlying 
mechanism or mechanisms of genome size increase. It may be, for example, that the genome 
size difference reflects a single pericentromeric increase on a single chromosome; 
alternatively, perhaps it is due to dispersed repeats that are genomically widespread. In the 
future, differentially abundant clusters could be mapped by using methods for determining 
copy number variants in resequencing data (Knaus and Grünwald 2018). Sequencing 
methylomes of domesticated and wild accessions could also show changes in TE 
suppression, which could provide explanations for changes in TE activity (J Zhang et al. 
2015). All of the species from this study could benefit from expanded sampling to include 
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more accessions from each group, which would further test the results we see in G. hirsutum 
and G. herbaceum and perhaps provide additional statistical power in G. barbadense.  
Our findings are significant not only in demonstrating another example of genome 
size variation between domesticated and wild accessions of a species, but also because this is 
the first documented example of infra-specific GS variation in Gossypium. Identifying 
instances of infra-specific variation represents an opportunity to explore evolutionary forces 
that help shape genome size evolution, and by extension, its relationship to crop genome 
architecture. It is also intriguing to speculate that domestication may not just be acting on 
individual genes and regulatory regions, but may also be acting on genome size as well, 
either directly through nucleotypic effects, or indirectly as discussed above.  
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CHAPTER 4.    GENERAL CONCLUSIONS 
The evolutionary significance of genome size variation and the mechanisms 
responsible for genome size growth and reduction are topics of wide biological interest. In 
Chapter 2, I reviewed the evidence regarding variation in genome size among angiosperms, 
studies which indicate that both growth and reduction mechanisms are active in many 
lineages, and that from a macroevolutionary perspective imply that natural selection must be 
acting to keep most angiosperm genome sizes small in the face of mechanisms that inherently 
lead to genome size expansion. The most prominent among the latter are polyploidization 
and transposable element proliferation, while deletions, illegitimate recombination, and intra-
strand homologous recombination are the primary mechanisms responsible for genome size 
reduction. It is still unclear how these reduction mechanisms are able to maintain small 
genome sizes in the presence of proliferating transposable elements and whole genome 
duplication, but the abundance of small genomes even in lineages that have experienced 
multiple polyploidization events suggests that genome growth is being counterbalanced by 
selection favoring smaller genomes. Nucleotypic effects, including possibilities of cell cycle 
time, life-history, seed size, drought tolerance among others, indicate that genome size may 
be an evolutionarily significant phenotype. The goal of this thesis was to examine within-
species variation possible related to domestication in the genus Gossypium.  
In Chapter 3, we provide evidence of within-species variation in Gossypium hirsutum, 
specifically between domesticated and wild accessions. By collecting genome size estimates 
via flow cytometry for 41 accessions, we discovered a significant difference between wild 
and domesticated accessions that averaged over 100 Mb. Given this discovery, we sought to 
find a potential cause for an increase in DNA content by looking at repeat abundance. 
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Recently resequenced genomes for each accession were analyzed for repeat clusters and 
abundance. Results indicated that domesticated accessions do indeed have a larger number of 
more-abundant transposable element clusters, specifically from the gypsy family of LTRs. 
While we do not yet understand the cause of differential repeat content, this study 
demonstrated: (1) that within-species variation may exist in some Gossypium species; (2) that 
a difference of over 100 Mb exists between domesticated and wild accessions of G. hirsutum, 
suggesting that domestication has permitted genome size growth; and (3) that differential 
abundance of gypsy elements is the likely the source of extra genetic material.  
In summary, this study adds to the literature in providing another example of infra-
specific variation in genome size. Instances of within-species variation are opportunities to 
study forces acting on genome size in a short evolutionary period. In addition, this study 
indicates that domestication may be correlated with genome expansion in Gossypium 
hirsutum and potentially G. herbaceum. Finally, we have shown that this molecular cause of 
this increase in genome size was due to an increase in repetitive DNA content, specifically 
Gypsy transposable elements.  
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APPENDIX. SUPPLEMENTARY MATERIAL 
 
Supplementary Figure1 1 Single clusters added until cumulative percentage of reads 
represented no longer increases.  
Supplementary Table 1 1 Break down of 85 differential clusters from G. hirsutum 
Cluster Most Lineage DomLandrace DomWild LandraceWild 
CL0237 Domesticated Unspecified 141.9677 160.3125 18.34483 
CL0017 Domesticated LTR/Gypsy 2067.724 1467.75 -599.974 
CL0004 Domesticated LTR/Gypsy 1977.351 2518.688 541.3362 
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Supplementary Table 1.1 continued  
Cluster Most Lineage DomLandrace DomWild LandraceWild 
CL0014 Domesticated LTR/Gypsy 1902.539 1391.75 -510.789 
CL0011 Domesticated LTR/Gypsy 1861.099 1508.125 -352.974 
CL0024 Domesticated LTR/Gypsy 1710 997.5 -712.5 
CL0010 Domesticated LTR/Gypsy 1534.741 292.125 -1242.62 
CL0013 Domesticated LTR/Gypsy 1493.506 920.3125 -573.194 
CL0009 Domesticated LTR/Gypsy 1229.185 391.875 -837.31 
CL0021 Domesticated LTR/Gypsy 1200.563 302.8125 -897.75 
CL0054 Domesticated LTR/Gypsy 1136.642 1159 22.35776 
CL0019 Domesticated LTR/Gypsy 1114.571 628.1875 -486.384 
CL0055 Domesticated LTR/Gypsy 995.9849 426.3125 -569.672 
CL0043 Domesticated LTR/Gypsy 907.9871 555.75 -352.237 
CL0057 Domesticated LTR/Gypsy 777.7306 314.6875 -463.043 
CL0090 Domesticated LTR/Gypsy 746.6099 409.6875 -336.922 
CL0112 Domesticated LTR/Gypsy 714.7931 855 140.2069 
CL0066 Domesticated LTR/Gypsy 653.2069 26.125 -627.082 
CL0076 Domesticated LTR/Gypsy 574.8319 35.625 -539.207 
CL0067 Domesticated LTR/Gypsy 558.5345 458.375 -100.159 
CL0079 Domesticated LTR/Gypsy 462.5517 437 -25.5517 
CL0127 Domesticated LTR/Gypsy 457.556 171 -286.556 
CL0132 Domesticated LTR/Gypsy 449.1616 640.0625 190.9009 
CL0176 Domesticated LTR/Gypsy 431.7586 365.75 -66.0086 
CL0098 Domesticated LTR/Gypsy 405.7565 39.1875 -366.569 
CL0160 Domesticated LTR/Gypsy 389.4181 460.75 71.3319 
CL0096 Domesticated LTR/Gypsy 360.7953 233.9375 -126.858 
CL0146 Domesticated LTR/Gypsy 355.3491 45.125 -310.224 
CL0124 Domesticated LTR/Gypsy 303.4677 112.8125 -190.655 
CL0213 Domesticated LTR/Gypsy 284.7543 308.75 23.99569 
CL0138 Domesticated LTR/Gypsy 263.1746 1.1875 -261.987 
CL0175 Domesticated LTR/Gypsy 253.6336 57 -196.634 
CL0133 Domesticated LTR/Gypsy 238.6466 382.375 143.7284 
CL0208 Domesticated LTR/Gypsy 234.6746 210.1875 -24.4871 
CL0193 Domesticated LTR/Gypsy 231.7672 156.75 -75.0172 
CL0211 Domesticated LTR/Gypsy 226.6897 61.75 -164.94 
CL0220 Domesticated LTR/Gypsy 226.4849 143.6875 -82.7974 
CL0181 Domesticated LTR/Gypsy 214.7328 156.75 -57.9828 
CL0246 Domesticated LTR/Gypsy 187.1336 175.75 -11.3836 
CL0232 Domesticated LTR/Gypsy 148.069 154.375 6.306034 
CL0215 Domesticated LTR/Gypsy 142.4181 194.75 52.3319 
CL0294 Domesticated LTR/Gypsy 111.5431 97.375 -14.1681 
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Supplementary Table 1.1 continued 
Cluster Most Lineage DomLandrace DomWild LandraceWild 
CL0217 Domesticated LTR/Gypsy 102.9849 245.8125 142.8276 
CL0251 Domesticated LTR/Gypsy 99.70905 172.1875 72.47845 
CL0231 Domesticated LTR/Gypsy 91.56034 175.75 84.18966 
CL0284 Domesticated LTR/Gypsy 84.2306 110.4375 26.2069 
CL0285 Domesticated LTR/Gypsy 80.70905 5.9375 -74.7716 
CL0087 Domesticated LTR/Copia 583.7177 504.6875 -79.0302 
CL0136 Domesticated LTR/Copia 565.0453 856.1875 291.1422 
CL0084 Domesticated LTR/Copia 479.0948 501.125 22.03017 
CL0081 Domesticated LTR/Copia 449.2845 529.625 80.34052 
CL0123 Domesticated LTR/Copia 438.7198 422.75 -15.9698 
CL0131 Domesticated LTR/Copia 406.125 346.75 -59.375 
CL0177 Domesticated LTR/Copia 255.1078 244.625 -10.4828 
CL0126 Domesticated LTR/Copia 239.1789 963.0625 723.8836 
CL0233 Domesticated LTR/Copia 130.0517 209 78.94828 
CL0273 Domesticated LTR/Copia 75.95905 110.4375 34.47845 
CL0280 Domesticated LTR/Copia 72.80603 171 98.19397 
CL0068 Domesticated LTR/Copia 29.72845 1265.875 1236.147 
CL0025 Domesticated LTR 1667.659 1643.5 -24.1595 
CL0008 Domesticated LTR 1600.504 1054.5 -546.004 
CL0110 Domesticated LTR 443.347 385.9375 -57.4095 
CL0191 Domesticated LTR 400.8427 357.4375 -43.4052 
CL0173 Domesticated LTR 370.8685 241.0625 -129.806 
CL0183 Domesticated LTR 190.5733 356.25 165.6767 
CL0317 Domesticated LTR 67.6056 74.8125 7.206897 
CL0088 Landrace LTR/Gypsy -769.336 -596.125 173.2112 
CL0075 Landrace LTR/Gypsy -1101.67 -964.25 137.4224 
CL0107 Landrace LTR/Gypsy -2130.54 -304 1826.539 
CL0092 Landrace LTR/Gypsy -2188.07 20.1875 2208.259 
CL0001 Landrace LTR/Gypsy -3978.04 -3773.88 204.1681 
CL0062 Landrace LTR/Copia -3797.42 -777.813 3019.608 
CL0203 Landrace LTR -246.181 -11.875 234.306 
CL0299 Landrace Unclassified -110.519 -48.6875 61.8319 
CL0236 Landrace Unclassified -213.463 -200.688 12.77586 
CL0194 Landrace Unclassified -1082.84 -831.25 251.5862 
CL0039 Wild LTR/Gypsy 841.3642 -41.5625 -882.927 
CL0080 Wild LTR/Gypsy 563.0797 -5.9375 -569.017 
CL0072 Wild LTR/Gypsy 406.0022 -150.813 -556.815 
CL0135 Wild LTR/Gypsy 274.3944 -34.4375 -308.832 
CL0158 Wild LTR/Gypsy 219.6875 -15.4375 -235.125 
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Supplementary Table 1.1 continued  
Cluster Most Lineage DomLandrace DomWild LandraceWild 
CL0153 Wild LTR/Gypsy -519.142 -553.375 -34.2328 
CL0073 Wild LTR/Gypsy -614.961 -767.125 -152.164 
CL0053 Wild LTR/Gypsy -1023.58 -1231.44 -207.853 
CL0108 Wild LTR 241.2263 -2072.19 -2313.41 
 
Supplementary Table 1 2 List of 51 clusters differentially expressed in G. herbaceum 
Cluster Most Lineage DomWild 
CL0098 Domesticated rRNA 1848.071 
CL0077 Domesticated LTR/Gypsy 2620.064 
CL0086 Domesticated LTR/Gypsy 2262.212 
CL0088 Domesticated LTR/Gypsy 2154.395 
CL0094 Domesticated LTR/Gypsy 1933.08 
CL0095 Domesticated LTR/Gypsy 1855.991 
CL0103 Domesticated LTR/Gypsy 1851.535 
CL0123 Domesticated LTR/Gypsy 1737.6 
CL0121 Domesticated LTR/Gypsy 1642.3 
CL0122 Domesticated LTR/Gypsy 1617.692 
CL0135 Domesticated LTR/Gypsy 1446.8 
CL0136 Domesticated LTR/Gypsy 1335.505 
CL0138 Domesticated LTR/Gypsy 1306.841 
CL0141 Domesticated LTR/Gypsy 1229.046 
CL0150 Domesticated LTR/Gypsy 1175.467 
CL0145 Domesticated LTR/Gypsy 1154.919 
CL0154 Domesticated LTR/Gypsy 1120.784 
CL0159 Domesticated LTR/Gypsy 1021.682 
CL0152 Domesticated LTR/Gypsy 1011.786 
CL0153 Domesticated LTR/Gypsy 967.4763 
CL0166 Domesticated LTR/Gypsy 946.0887 
CL0171 Domesticated LTR/Gypsy 827.1047 
CL0173 Domesticated LTR/Gypsy 747.3576 
CL0195 Domesticated LTR/Gypsy 423.0022 
CL0230 Domesticated LTR/Gypsy 76.67354 
CL0114 Domesticated LTR/Copia 1763.218 
CL0133 Domesticated LTR/Copia 1577.559 
CL0142 Domesticated LTR/Copia 1332.594 
CL0149 Domesticated LTR/Copia 1185.354 
CL0164 Domesticated LTR/Copia 856.951 
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Supplementary Table 1.2 continued 
Cluster Most Lineage DomWild 
CL0084 Domesticated LTR 2340.309 
CL0085 Domesticated LTR 2220.486 
CL0100 Domesticated LTR 1917.345 
CL0111 Domesticated LTR 1743.779 
CL0128 Domesticated LTR 1665.22 
CL0126 Domesticated LTR 1611.074 
CL0131 Domesticated LTR 1515.929 
CL0130 Domesticated LTR 1469.529 
CL0144 Domesticated LTR 1191.258 
CL0161 Domesticated LTR 880.552 
CL0178 Domesticated DNA 633.648 
CL0080 Domesticated Unclassified 2496.411 
CL0097 Domesticated Unclassified 1833.024 
CL0108 Domesticated Unclassified 1715.431 
CL0155 Domesticated Unclassified 1015.889 
CL0184 Domesticated Unclassified 614.4836 
CL0201 Wild LTR/Gypsy -229.914 
CL0179 Wild LTR/Gypsy -304.962 
CL0093 Wild LTR/Gypsy -523.273 
CL0010 Wild LTR/Gypsy -1480.02 
 
